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SUMMARY 


Model tests of a 1.62-m diameter rotor were performed to investigate 
the aeromechanlcal stability of coupled rotor-body systems in hover. Experi- 
mental measurements were made of modal frequencies and damping over a wide 
range of rotor speeds. Good data were obtained for the frequencies of the 
rotor lead-lag regressing, body pitch and body roll mode, and the damping of 
the lead-lag regressing mode. The quality of the damping measurements of the 
body modes was poor due to nonlinear damping in the glmbal ball bearings. 
Simulated vacuum testing was performed using substitute blades of tantalum 
that reduced the effective Lock number to 0.2% of the model scale value while 
keeping the blade Inertia constant. The experimental data were compared with 
theoretical predictions, and the correlation was in general very good. 


INTRODUCTION 


The body degrees of freedom of a helicopter exert a profound influence 
on the stability of the coupled rotor-body system for configurations whose 
lead-lag frequency is less than the rotor speed (soft Inplane) . For 
articulated rotors the coupling of the rotor and body Inertially can result 
in a strong instability termed ground resonance. This purely mechanical 
instability is now well understood (ref. 1); however, in the case of hinge- 
less rotors substantial aerodynamic and structural couplings may arise and 
the problem of aeromechanlcal stability is considerably more complex (ref. 2). 

A number of detailed theoretical models have been developed to inveotl- 
gate the aeromechanlcal stability of soft inplane hingeless rotors (refs. 

3-5), with the specific purpose of providing the analytical tools to support 
the design of a soft inplane hingeless rotor helicopter. In the case of 
Boeing Vertol a number of experiments have been performed in addition with 
small-scale helicopter models to verify their design concepts, and in the 
process validate their theoretical model (refs. 6,7). More recently, 

Ormlston has described a simplified theoretical model of a coupled rotor-body 
system (ref. 2); this model is particularly useful as a tool for obtaining a 
fundamental understanding of the factors that affect the aeromechanlcal 
stability of hingeleas rotor helicopters. The present experiment has been 
designed to use a simplified experimental model to investigate the 


aeromechanlcal stability of coupled rotor-body system In a manner analogous 
to that of reference 2, and In the process to develop a body of experimental 
data that Is suitable for the validation of analytical models of coupled 
rotor-body stability. The development and examination of appropriate test 
techulqu«^fi for coupled rotor-body testing are an Integral part of the experi- 
ment design as well. 

The testing of model rotors or helicopters can be broken down Into the 
categories of: (1) exploratory testing of new concepts; (2) development 
testing of a new design; and (3) research model testing (ref. 8). The 
present experiment is In the last category, and it Is important to dis- 
tinguish that the experiment has been designed to match the theoretical model 
as closely as possible rather than any particular helicopter. The reason for 
this effort is to insure that in the validation process of a theoretical 
model, that any difference between the theoretical prediction and the ex- 
perimental data reveal the limitations of the theoretical model, and not the 
experimental modeling process. 

The design of the experiment Is discussed first; the model used is then 
described. Including the excitation system and Instrumentation. The 
techniques used to excite the various rotor-body modes and the methods of 
obtaining damping and frequency are discussed. The experimental results are 
shown and compared with theoretical predictions of the analysis described in 
reference 9. Conclusions are offered with respect to the results of the 
experiment, and the worth of the experimental design. 


SYMBOLS 


A 


a 

b 

c 



D 

E 


e 



G 

g 


flexure cross-sectional area, cm^ 

lift curve slope 

number of blades 

blade cord, cm 

profile drag coefficient 

bearing damping, N-cm 

Young's modulus, N/cm^ 

hinge offset, cm 

friction force in ball bearings, N 
shear modulus, N/cm^ 
gravitational acceleration, cm/ sec ^ 


2 


h 


distance from plane formed by gimba] axes to rotor plane 
blade inertia, g-m* 



flexure chordwlac area moment of inertia, cm** 

flexure flapwise area moment of inortla, cm** 

blade pitching moment of inertia, g-m^ 

body inertia about pitch axis, g-m^ 

body inertia about roll axis, g-m^ 

flexure polar area moment of inertia, cm** 
rotor polar moment of inertia, g-m‘ 

body stiffness, N-cm/rad 

vertical body spring, N/cm 

blade length from flexure tip, cm 

flexure length, cm 

longitudinal spacing of vertical body springs, cm 
lateral spacing of vertical body springs, cm 
body mass, g 
blade mass, g 
rotor mass, g 

number of balls in ball bearing 
rotating flap frequency, Hz 
blade radius, cm 

radius to application of bearing damping force, cm 

blade spanwlse mass centroid referenced to flexure tip 
made dimensionless by blade length L 

blade chordwlsc mass centroid reforonced to quarter chord 
made dimensionless by blade chord c 

blade spanwlse mass centroid referenced to centerline, cm 
blade root cutout , cm 
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Lock number Includlnp; effect of profile drag coefficient 

rotor lead-lag cyclic coordinate, dog 

local damping coefficient 

rotor lead-lag cyclic coordinate, deg. 

blade damping, percent critical 

body roll damping, percent critical 

body pitch damping, percent critical 

body pitch angle, rad 

blade pitch angle, deg 

peak magnitude of body pitch angle, deg 
density of air, g/cm^ 
density of uniform blade, g/cm^ 
rotor solidity 

modal damping exponent, sec“* 
rotor speed, rpm 
nominal rotor speed, scc~* 
modal frequency, Hz 
flapping mode frequency, Hz 
load-lag mode frequency, Hz 
body pitch mode frequency, Hz 
body roll riode frequency, Hz 


Subscript : 

( nonrotating conditions (except as noted for 
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EXPERIMF.NT UESCRIPTTON 


Ex|M r (mental DohIkh 

The primary objective of the proHout experiment Is to provide n body of 
experimental data that can be used to validate l(>eoretlcal models for the 
prediction of coupled rotor-body ueromechanical stability. To obtain this 
goal the experimental design requires that: (1) the basis for comparison 
between theory and experiment must provide a rigorous test of the theoretical 
model; (2) the data obtained must be extensive cnougli to provide a varied 
teat of the theoretical model; and (3) the experimental model must simulate 
the theoretical model as closely as possible. 

The basis of comparison used for the present experiment is the 
frequency and damping of the flap and lead-lag regressing modes, and the 
body pitch and roll modes. These are examined over a range of rotor speeds 
that provide nondimens Iona 1 lead-lag frequencies from stiff inplane to soft 
Inplane. Additional variation is provided by changes in blade collective 
pitch angle, body stiffness, ard Lock number. 

The model design is based on the simplified theoretical model used in 
reference 2. Specifically, the blades have been designed to be very stiff, 
with moat of the flexibility concentrated in root flexures. This provides 
an experimental approximation of the centrally-hinged, rigid blade with 
spring restraint that is used in the theoretical model. As the blade 
torsional degree of freedom is not included in the theoretical model, the 
blade and root section of the experimental model are designed to be 
torsionally very stiff. The model Is mounted on a glmbal frame and bearings 
and in this way simulates purely pitch and roll body motions. 


Simulated Vacuum Testing 

It is highly desiruble in the theoretical validation process to obtain 
experimental data with aerodynamic effects eliminated, but inertial and 
structural terms u 'hanged. This Is especially useful In the case of 
hingeless rotor act. jchanlcal stability where the effects of aerodynamics 
i.ignlf Icantly alter the behavior of coupled rotor-body instabilities of the 
ground resonance typo. Testing In a vacuum chamber can be both difficult 
and expensive. However, the effects of testing in a vacuum may be simulated 
by reducing the Lock number of the rotor. Defining Lock number In the form; 



where the conventional definition has been modified to Include the effect of 
the hlado profile drag coefficient, cj . In vacuum testing the Lock nuraher 
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In zero booauHi' tbo donsttv of air to zoro; howovor, thoro aro othur waya In 
which Lock number mny bo roilucoU. The particular Htralcp.y uaoil (n tlila 
experiment was to make n blade of circular eroHs sect liui and In this way 
reduce tho lift curve slope to zero. This wi'uld not be a sat Isfactory 
solution If blade flexibility were Important to ilto problem, but In the 
present ease it Is not. If a uniform cylindrical rod Is assumed, then the 
expression for Lock number beromes 
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where pj Is the density of the blade material. To further reduce lA)ck 
number It is clear that the radius must be reduced, or blade chord or density 
increased. The problem Is constrained by the need to maintain the same 
blade inertia, th.at is 



However, the rotor mass will not stay constant hut increase as 
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as blade radius is reduced. The best choice then Is to build the VvhI of as 
dense a material as Is feasible, and select a radius that doc's not cause an 
excessive increase in rotor mass and body Inertia, or effective hlnyte ot t'set . 
Tantalum is the best design choice, belnn denser than lead and with stronuth 
characteristics of steel. A radius of about 18 cm was sclectiai for the 
present experiment; the normal blade radius Is 81 cm. riic n-suitin^ valiu' 
of Lock number Is approximately 0.2', of tho aerodvnamic blade value. 


Model Oescvlpllou 

T.'o model used in this experiment is a t hree-bladed , I.(*2-m diameter 
rotor mounted to a body that Is supported by a p.irabal frame and stand that 
allow pitch and roll freedom. A two-view drawing that lllustr;ites the major 
features of the model and stand is shown In flpane 1. A photi'nraph »'t the 
model as tested Is shown in f Ijtvire 2. The rot or and hub are mounted on a 
static must that bolts directly to the transmission houstui’. I'he rotor Is 
driven bv two 4..S— kW electrie motors through a 7.'>:l reduct lou tratismlsslon 
and a drive sliaft Internal to the static mast. Tbi' mtuli'l Is supported at 
either end by ball bearlnjis that ettclrcle the metm heuslnp, .uul provide the 
bixlv roll freedom. The roll ball beavlnus .\re nunuUed In the p, Imbal 1 rame 
which In turn Is siipportetl by a si't ol pltv'li I'.i I 1 beailittts tb.it mount 1 1 > the 
rlRld stand. Additional stlffenlnt; Is prov Uh'd t lie stand with f le-dowit 
eables. 
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Tlu' body I roqiu'iu’ It'H aro tlftormlnoil by omu 1 1 t'vi'r bi'am aprluy.H, two 
Hprln^H for pttob and ono aprtnp, for roll, Tlu’ froqvioiuy ran lu' adliiHtoJ by 
a rtMilor on ibo oanrlh'vor boam sprln>t tliat nbort«*nM Iho working lin>?il» of 
t ht' hoam. Roll or pltrblng motion of tlio ylmbal may alno bo lookod out wltlt 
a not of looking, sorowH. 

A smibblnn moobaniam Is looutod in tho stand dlroolly bolow tbo model, 
and la capable of locking out body motion. The snubber may be aetnatod 
olthor by an electric motor or bv releasing a compressed spring Internal to 
the mechanisiu. In the latter case the model Is snubbed or locked mit In 
approximately a 0.1 sec. Under normal conditions tlie model Is snubbed by 
tho operator upon observing unstable mot lone. However, a control circuit 
is Ineliidod that automatically releases the compressed spring and snubs the 
model If the lead-lag bending moment signal from the blade exceeds a preset 
value. 

To simulate the rigid blade with spring restraint used In the theory, 
the rotor blades were designed to be as rigid as possible, and flexibility 
was concentrated In flexures at the blade root. A drawing of the root 
flexures in an exploded view is shown In figure 3 and a photograph In 
figure 4. From these figures It can be seen that the flap and lead-lag 
flexibility are concentrated in separate flexures. They are connected so 
that their centerlines are coincident. There is no blade pitch hearing, so 
all blade pitch angle oluinges are made manually by rotating tho blade 
within Its socket. The design of tho root flexures is svioh that the 
torsional stiffness is quite high. The blade is a composite design using 
Kevlar, fiberglass, and balsa wood in Its construction, as shown in figure 5. 
The spar Is made up of unidirectional plies of Kevlar with a final 45° bias 
erossply to add torsional stiffness. The Kevlar upar and balsa wood aft 
section are enclosed in a fiberglass skin and nutted with a titanium root 
section to make the final blade. 

Although most c>f the ncxiblllly Is eoncoutr.ated in the root flexuros, 
tho flexibility of the blade dvies Influence the flap and le.ad-lai, fre- 
quencies. This effect can bo estimated by looking at the change in non- 
rotating blade frequencies as blade pitch angle Is changed. This was done In 
reference 10 for the present blade and flexures, and tho R parameter of 
Ormlston and Hodges (ref. 11), which relates the .iraount of llexlbllily 
outboard of the blade pitch bearing to the total blade flexibility, was 
ostinwted as 0.13. 

The model with tho stub blades rondo of tantalum Installed is shown in 
figure b. The tantalum rods are pinned Into a steel grip which Is bolted on 
to tho outer section of the flap flexure. Flapping stops are Inclnded In 
this eonf Igurat Ion to keep the iicavler tantalum stub blades from i-auslng 
excessive stress In the flap flexures when the rotor Is stopped. 

The model properties needed for correlation with the experimental data 
Ui»ve either been measured on the model under nonrotating conditions or eal- 
eul.ated from model design data. These properties and their determination are 
dlsctissed in appendix A. 



Model Excitation 


An electromagnetic shaker wna used to excite the rotor and body modes by 
oaclllatlng or deflecting the model about Its roll axis. The shaker was 
capable of model excitation down to xero frequency, and this was onpnc tally 
useful near resonance of the lead-lag mode with rotor speed. Figure 7 shows 
the shaker connection to the model. A pair of beams, bolted to the underside 
of the model transmission, extend outward and up to n cross piece that is 
held by a small, pneumatically-actuated clamp. The pneumatic clamp provides 
a means of holding on to the cross piece during model excitation, and by 
opening the clamp at the same time the excitation is stopped the model 
motions can decay without restraint from the shaker and its linkages. The 
pneumatic clamp is mounted on a linkage that passes down through supports 
used for alignment to a bell crank that Is connected in turn to the shaker. 
Preload springs are included In the linkage to center the pneumatic clamp 
with the cross piece. A pair of opposed air cylinders are used as a 
secondary means of locking out model motion. 


Model Instrumentation 

Each blade root flexure was Instrumented with a full strain gage bridge 
to measure lead-lag bending moment (on the lead-lag flexure), and flap and 
torsion bending moment (on the flap flexure). The signals were routed 
through the drive shaft to a 60-channel slip ring mounted in the base of the 
model . 

Body motions were measured in two ways: first, with accelerometers 
mounted on the static mast Just below the hub, and second, with resistive 
film potentiometers mounted at the pitch and roll bearing locations. 
Measurements of rotor speec were made with an inductive pickup from a 
60-tooth gear, and an optical n'.ckup providing a one-per-rev spike. 

Instrumentation cables from the slip ring and from body measurements 
were combined with transmission oil lines, water cooling lines, motor power, 
and therraocoupla wires and routed through brackets at the pitch and roll 
pivot points Co minimize the effect of cable motion on body damping (see 
fig. 6). 


AEROMECHANICAL STABILITY TESTING 


Parameter Variation 

For each test configuration, changes in rotor speed provide the means 
of varying the rotor characteristics over a wide range. This Is illustrated 
In figure 8 where the uncoupled rotor progressing and regressing mode 
frequencies are plotted in the fixed ayatem as a function of rotor speed. 
(The rotating system flap and lead-lag frequencies are shown for clarity.) 

At about 440 rpm the lead-lag motion la in resonance with rotor speed, that 
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Jfi "■ n in the rotntinR nyfltpm (or " 0 in tl.o fixed system). 

Lower rotor speeds are representative of stiff Inplnne conf iRuratlons, 

while highor rotor speeds are representative of soft Inplanc conf Iru- 
rations, Aeromechnnfnnl Instabilities of the. ground or air resonance 

type may occur In this latter region If a body mode frequency is proximate 
to the lead-lag regresslnR mode frequency. To Investigate, these In- 
stabilities the body frequencies for this experiment were selected in the 
range 0 - 5 Hz. 

A tost configuration was defined by (1) whether the tantalum stub 
blades or aerodynamic blades were used; (2) If both pitch and roll freedom 
were allowed or only roll; (3) the selected body stiffnesses; and (A) in the 
case of the aerodynamic blades, the blade pitch angle. The configurations 
tested in this experiment are listed in table 1. 


TABLE 1. - EXPERIMENTAL CONFIGURATIONS TESTED 


Blades 

Pitch 

frequency, Hz 

Roll 

frequency, Hz 

Tantalum 

27.4 

(Locked out) 

0.75 

1.89 


^ 1 
i 



2.60 


i 



4.11 



2, 

.58 

2.55 


Aerodynamic 


27.4 

(Locked out) 
2.62 


Pitch 
angle, deg 



For those conditions where the pitch degree of freedom was locked out by 
restraining the glmbal frame, the first cantilever pitch-mode frequency of 
the body was about 27 Hz which places it well away from the regressing mode 
frequencies (fig. 8). 


Modal Measurements 

A rigorous test of a theoretical model requires that experimental 
measurements be made of those modes that have a significant effect on coupled 
rotor-body aeromechanical stability. In the present experiment most of the 
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effort waH dlrerCt‘d tnw.ird obtaining onl Imat on ol tlu I roqiioiu v and ibimplng 
of the rotor regroHRlng mod«'H and tin* body plteb and roll modon. 

The rotor le/id"lag regreoHtng mode In getn'rallv the leata ntable mode 
of a t'ouplt'd rotor-body oyntem, and It In tlieri’lore deniral>le ti’ iibnervo 
thin mode directly In tlu' nonroiatlng nvntem, I'o ilo (bln, the Imllviilnal 
flexure lend-f/jg bending nlgnaln were trjmnlormed to list'd nvntem I’o- 
ordlnaten unlng the miiltlblade trannform tU ta'li'i'enee 1.’. Tbln Irannltirm 
prov Idi'H tlu' mult iblade i-yellc coonl Inat «*n, '.nin and ■.con wblcb rt'pre' 
nent the rotiT center of gravity ponit ion dui< tit blade lead-lag mol ion. 
lloth progrimnlng and regrennlng moden apitear in each cyclli' coordinate, but 
beoauae of tbelr large dlffereiue In frequency ilu'v .tn' e.i.tlly neparated by 
filtering, '.‘he ability to directly t^bserve l be ri'gri'Hning or progrc.-ia ing 
mode greatly .'impllfied the operation of the experiment. I’ntimaten of tlie 
modaJ frequency and damping were obtained by exciting tlie lead-lag 
regresHing mode with the shaker. The excUalh*n was then cut off, t lu' 
model released, and frequency .and damping were estimated 1 com the transient 
decay. Frequency measurements were made on line wltlt a spectrum analy.-’.er, 
the resolution of the measurements being 0.08 H;:. The transient decay was 
also recorded on oscillograph and FM analog tape, .md the multiblade cyclii’ 
coordinate was pasued through a tracking filter that Included a log magni- 
tude output for analysis of both frequency and damping (ref. 13). 

The flap regressing mode of the rotor is normal Iv heavily damped due to 
blade aerodynamic damping, and it is therefore difficult to oxclto the mode 
or measure its frequency and damping. However, for test conf igurat ions 
using the tantalum stub blades there Is negligible blade aerodynamic damping 
and the mode is readily excited. The flap regressing mode shows strong 
participation in both tl>o flap cyclic coordinates and tl»e body coordinates. 
The body modes also show substantial participation in both tlie flap cyclic 
and body coordinates. Modal measurements of both the flap regressing mode 
and body modes were therefore made in the body coordinates and aeparated 
with a tracking filter. Both flap regressing .and the body roll modes were 
excited directly by deflecting the model in roll and releasing It. The body 
pitch mode was excited indirectly through gyroscopic coupling. As in the 
case with the lead-lag regressing mode, frequency estimates wore made on 
line with a spectrum analyzer, and a tracking filter was used later for 
estimating frequency and damping from analog tape records. In general, the 
nonlinear damping characteristics of the glmbal hearings prevented satis- 
factory estimates of body or flap regressing nnxle damping. 

TEST RESULTS 


Correlation Model 

The experiment was designed to match the theoretical model described 
in reference 2. However, the central ly-hlnged blade model of roforence 2 
war. approximated in che experimental model wltli an offset hinge. As a 
result, there is u significant frequency shift between theory and experiment 
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dut‘ to htiip.o 1 'illnot. Tliln 1(1 I'uptH’ l.T 1 1 y not li'i’.ilil o In tlio l.mt<i)iim luub 
btadi* onno tin* norul ItnoniUona I lilrip.r iirffiof In l.irp.f' ilin* to I'u* 

fimall radluR. Th»* .in.il vi leal modol donrr I ln'd in n*l nromc bowovor, 

in wt*n rtnltod I i>r oorrclat Ion wltb the pi I'Mi’ni oxpor Imi'nt.i I ilota nliu’i* tin* 
Inrnlonnlly titlfl, root I U'xitro i'onl li'ur.it Ion ol tin* rxpor Imciit . 1 1 modi'! In ,1 
nppi'l.il onm’ i»t n lu'/ir Inpli'nn rotor. 

Tlio tiioorot Ion 1 modi'! ol ri'i’i'n'iK'i' '> aHmimon t liri'o or moro rlp.ld bladcn 
.iro iilLat'lu'd to ri'ot 1 loxiiroti, I'.-u-li oi wlilc!i !i.'in t!iri’i* a. ,*ular .ini' lliroi’ 

I invar dourvi'H ol Irovdom. !’!ii.’ Iiladoa rnay lu’ ronstralnod ;it l!u'!i root !>\ 
v.ir I 0 U 8 pitoh link ^oomotrUH oi . as in t lio pronont oaHv, wlili no ron- 
Ktraliit. Tilt* body is assumed to bo rigid wlt!i !ateral, longitudinal, plioli 
and roll dog. eos of froodom, For ,i!r rosonanro stalillily llio body motions 
are r.nconstralned, while for grovind rosonaneo stability llio body Is assumed 
to be mounted on springs, and llio appropriate body froguonclos are de- 
termined by the spring stiffness and tbelr offset from the body reference 
center. For correlation with the oxperlmcntal data the body translational 
degrees of freedom are snpprossod and llio body si If Incas is determined by 
vertical springs and their distance from tbe mass center. Parameter \ lues 
for the theoretical model (ref. 9) are Identified In appendix B. 


Tantalum Blades with Roll Freedom 

R egressing mode s. - Frequency and damping mcai . . 1 . . «..ie made with 

the tantalum stub blade conf igur.it Ion and the gimba? pitch degree of freedom 
locked out. Four different roll spring stiffnesses w., re used to provide a 
variation in body roll frequency. (Roll spring stiffness was determined bv 
the position of the slider on the cantilever beam sp • ing except for the 
lowest stiffness case, = 0.75 Hz, where the cantilever beam spring was 

removed and very si .t coil springs were substituted.) Measurements were 
made for rotor speeds from 250 to 1000 rpm, which provided nondimens Iona 1 
rotor load-lag frequencies ranging from 1.7/rev to 0.7/rev. The data for 
these four conditions are shown in figures 9 to 12, and compared with the 
theoretical predictions. 

Modal frequency data were obtained for the lead-lag and flap regressing 
modes, and the body roll mode. The modes were identified from the ex- 
perimental data by the physical coordinates they appeared in and by the 
method of excitation used. Thus, the load-lag regressing mode is always 
Identified by circles, the flap regressing by triangles, and so forth. The 
modes predicted by the theory, however, sometimes change character as rotor 
speed is varied. In figure 9(a), for Instance, the lowest frequency mode 
starts out as the body roll mode under nonrotating conditions, and as rotor 
speed is Inn eased It becomes predominantly a flap regressing mode. As 
rotor speed is further increased, this mode couples with the lead-lag 
regressing mode and u modal crossover occurs where the flap regressing mode 
becomes predominantly lead-lag regressing, ;ind the lead-lag regressing mode 
becomes predominantly flap regressing. Tn other cases two modes may cross 
without a change in character, as In figure 9(a) where the lead-lag 
regressing and body roll modes cross at 280 rpm. The predominant physical 
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character of the theoretically predicted modoH la indicated in these figures 
by letters: i; for lead-lag regrcaalng, p for flap regressing, and so 

forth. At rotor speeds above the resonance of blade Icnd-lng motion and 
one-per-rev, that is where Uf « fi or ■ 0, the theoretical model 

predicts that the lead-lag and flap regressing modes coalesce over a very 
narrow range in rotor speed. This coalescence is shown in an inset at 5 
times scale on the modal frequency plots. The frequency coalescence is 
associated with a weak instability that was discussed in reference 2. 

Estimates of the lead-lag regressing mode damping are also shown in 
figures 9 to 12. Attempts to measure the flap regressing and body roll mode 
damping were made, but these modes showed strong nonlinear damping behavior 
characteristic of the nonlinear damping of the glmbal ball bearings (see 
appendix A) and the attempts were abandoned. Theoretical predictions of 
both flap and lead-lag regressing mode damping are presented in these 
figures, as these modes are strongly coupled, and as rotor speed varies 
these two modes switch character. Vhere the modal damping is predominantly 
lead-lag or flap this is indicated on the figures with the symbols C or P, 
respectively. Because of the nonlinear character of the girabal bearing 
damping, the selection of a damping value for the theoretical model is some- 
what arbitrary. The effect of different levels of bearing damping was in- 
vestigated by both halving and doubling the nominal value of 3%. This 
effect is shown for the lead-lag regressing node by the shaded area. As can 
be seen the lead-lag regressing mode is sensitive to the amount of glmbal 
damping only at the modal crossovers or crossings, and at low rotor speeds. 
The weak Instability associated with the lead-lag and flap regressing mode 
coalescence is shown in these curves, and unstable conditions were actually 
encountered for two of these configurations. 

The lead-lag regressing mode frequency behavior is unchanged as bixly 
roll stiffness is varied. However, the body roll mode and flap regressing 
mode frequencies are shifted upwards in frequency as roll stiffness is 
increased. The upward shift in the flap regressing mode results in changing 
the rotor speed at which coalescence with the lead-lag regressing mode 
occurs. The body roll mode shows a strong dependence on rotor speed and 
even for the configuration with the softest roll spring the roll and lead- 
lag regressing modes are well separated in frequency; consequently no 
mechanical Instability of the ground resonance type occurs. The lead-lag 
regressing mode damping is relatively unchanged as body roll stiffness is 
increased, except for the shift in the location of the weak instability due 
to the flap and lead-lag mode coalescence. 

The agreement between the theore-.lcal predictions and experimental data 
for modal frequency is excellent. Even when the scale is expanded as In the 
cose of the lead-lag and flop regressing mode coalescence the correl.atlon Is 
still very good. The lead-lag regressing mode data show the best agreement, 
whereas the greatest difference between theory and experiment Is for the 
body roll mode, particularly the configuration with ■ 4.11 Hz. The 

agreement between the theory and experiment is not as good for the lead-lag 
legressing mode damping. The lead-lag regressing mode data show con- 
siderable scatter and In general the theory overpredicts the level of 

12 








damping. The weak InHtablllly that oocurn at the lead-lag and flap re- 
gresHlng mode conleHconoe ta evident In the damping data of figures 9 to 11, 
but the d'fference In rotor apeed between theory and experiment for the one 
unstable point In figure 10(b) Is Inexplicable. It Is Interesting to note 
that some of the larger cilffereneeH between theory and experiment occur In 
regions where the predicted lead-lag regressing mode damping Is most sensitive 
to body damping. In particular. It appears that for body frequencies of 0.75 
and 1.89 Hz, a higher damping level would Improve the correlation. 

In a few test conditions the damping showed significant nonlinear 
behavior, in these cases the damping was initially Jar-’e aiui as the ampli- 
tude of the motions decreased the damping also decreasoj. In this sense the 
damping appearixl directly proportional to amplitude. For the purposes of 
this discussion this characteristic will be referred to as a positive non- 
linearity. (The damping in the glmbal bearings, however. Is Inversely 
proportional to amplitude and la termed a negative nonlinearity; sec appendix 
A.) These cases are shown in the figures as data points located at the 
Initial damping level with an arrow extending to the final damping level. 

This notation Is somewhat crude, and is Included only to provide an Indica- 
tion of where obvious nonlinear d;unping behavior was observed and of its 
extent. Although the data for t-hese conditions appeared nonlinear there are 
alternative explanations for this behavior. One possibility is that data 
taken in tlio vicinity of steep gradients of damping with rotor speed showed 
apparent nonlinear behavior which in fact was due to slight variations in 
rotor speed. An additional possibility Is that both tlie flap and lead-lag 
regr- sslng modes were excited for these conditions and their combined decay 
gave the appearance of nonlinear behavior. 

L oad-lag progressing mode . - For one roll stiffness condition 
(wxy •» 1.89 Hz), the model was excited at Its lead-lag progressing frequency 
and estimates were tmido of the lead-lag progressing mode frequency and 
damping. These are shown In figure 13 which Is the same as figure 10 
except for the extended scales. The frequency shows good agreement with the 
theoretical predictions up to about 500 rpm, after which the theory signifi- 
cantly overpredicts the experimental values. The theoretical predictions, 
Itowever, assume that the pitch degree of freedom is absent, and it Is 
reasonable to expect that the lead-lag and flap progressing modes might very 
well be affected by the actual pitch stand frequency which is approximately 
27 Hz. If the pitch degree of freedom Is added to the theoretical pre- 
dictions, as showi\ by the dashed lines in these figures, it can be seen that 
the frequency data and theory now agree, although the agreement is not as 
good as for the other modes previously discussed. 

The damping estlimttes shown la figure 13(b) show an initial dip at about 
AOO rpm and tlien a rapid Increase In damping level with rotor speed. This 
dip, which Is due to the modal crossover with the flap progressing mode. Is 
evidenced In the theoretical prediction; but the subsequent rapid Increase in 
damping Is not predicted. If the pitch degree of freedom is included, 
however, the theoretical model shows mucli better agreement with the experi- 
mental damping, although It appears that the damping estimate of the 
stand-pitch mode is probably too high. 
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Tantalum Blades with Pitch and Roll Froodom 

The tantalum stub blade conf iRuratlon was testi’d with the pitch and roll 
springs set to give approximately the same nonrotatlng body frequencies. The 
experimental estimates of frequency and dampinR are shown In figure 14. Tlie 
general character of the frequency data is much tlie same as for the roll 
freedom alone case, except that the body pitch mode Is lower in frequency 
than the body roll mode. The body pitch and lead-lag regressing modes 
coalesce at about 860 rpm and mechanical instability results. As shown In 
figure 14(b) the lead-lag regressing mode rapidly becomes unstable, and it 
was necessary to use the automatic snubbing capability of the model for these 
data points. Interestingly enough there is no appearance of a weak in- 
stability at the crossing of the lead-lag and flap regressing modes as in the 
roll alone case. The agreement of the theory with the experimental frequency 
measurements for this case is very good. However, the theory predicts that 
the body pitch and lead-lag regressing modes approach and coalesce wel 1 Into 
the unstable region, while the experimental data ino lento that this approach 
occurs at a lower rotor speed. 

The lead-lag regressing mode damping data shown in figure 14(b) maintain 
a relatively uniform level until the unstable region Is approaclied, and then 
the damping rapidly decreases. The scatter in the dnt.a is somewhat improved 
over the roll alone tests, but this improvement is exaggerated by the ordinate 
scale contraction. As the instability is approached, the damping in the 
lead-lag regressing mode is sensitive to the amount of excitation. In the 
unstable region some of the data points show a negative nonlinearity. Tlie 
correlation between theory and experiment is very good, particularly the 
predicted stability boundary. Changes in the amount of glmbal damping have 
only a slight effect upon modal damping. 


Aerodynamic Blades with Roll Freedom 

The model was tested with conventional blades of aerodynamic cross- 
section with the pitch gimbal locked out. Only one roll spring stiffness and 
one blade pitch angle were tested. The frequency and damping for this 
configuration are shown in figure 15. The character o1 the modal frequencies 
is considerably changed from the tantalum stub blade case. Tlic lead- lag 
regressing mode changes frequency more quli'kly witl> rotor speed due tv> the 
decrease in the effective hinge offset. The resonance with one-per-rev has 
now decreased to 440 rpm. The flap regressing mode is no longer observ.ihle 
with the excitation method used in this experiment, and the theory predh ts 
that its modal frequency goes to zero and It becomes critically d.nmped at yd's 
rpm. The body roll mode appears independent of rotor sp»'od , .and the coupled 
rotor-body system becomes unstable where this mode Is pr»>xlmate to the lead- 
lag regressing mode. The modal frequency data show good agri’emi'ut with the 
theory with some minor differences. The theory underestimates the body roll 
mode frequency over most of the rotor speed range, particularly in the 
unstable region. However, within the unstable region, frequency estimates 
of the stable body mode arc particularly difficult in the presence of the 
unstable lend-lng regressing mode; therefore, d Iscrepanc les In this region 
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nro not fiurprtHlnR. T'le load-lag rogroanlng mode bIiowh good ngroemont 
lu'twoon experiment and theory. As rotor Hpeed 1 b IncrenBod the lend-lng 
regroBBlng mode prediction underoRtimntuH the experimental data. It l« 
HuggoBted that this is due to flexibility In the model blades that Is not 
aoeounted for in theory. 

The experimental estlmatoB of the lead-lag regressing mode damping in 
figure 15(b) show that the damping level remains relatively constant until 
the onset of the Instability. The mode is then unstable over a range of 
about 85 rpm and then becomes stable again. The damping does not return to 
Us previous level beyond the region of Instaullity. The experimental data 
show nonlinearities in damping and sensitivity to excitation level at the 
boundaries of the unstable region. At the lower boundary* the damping shows 
a negative nonlinear character, while the damping shows positive nonlinear 
behavior at the upper bound. The correlation of theory and experiment is 
good, the theory showing the proper damping level below the unstable region 
and the lower stability boundary. At higher rotor speeds, the theory under- 
estimates the amount of unstable damping, and does not correctly predict the 
upper stability boundary. The theory also overpredicts the recovery in 
damping level. A possible reason for this discrepancy is that the 
theoretical model assumes a symmetrical airfoil at zero pitch angle, while 
the model employed a cambered airfoil with C( = 0.15 at zero pitch angle. 

The re.sultlng differences in Inflow may explain some of this difference. 
Although the lead-lag repressing mode damping Is sensitive to the amount of 
body damping In the unstable region and beyond. It does not .ippear that this 
provides a suitable explanation of the differences between theory and experi- 
ment . 


Aerodynamic Blades with Pitch and Roll Freedom 

Low th rus t, 0 ■» 0° . - The model was tested with both pitch and roll 
freedom using the aerodynamic blades. The spring stiffnesses used for the 
pitch and roll degrees of freedom were identical to the configuration tested 
with the tantalum stub blades; however, because the rotor mass was reduced 
with the aerodynamic blades the body frequencies increased correspondingly. 
The experimental frequency and damping estimates for this configuration are 
shown in figure 16. The character of the modal frequencies is little 
changed from the aerodynamic blade configuration with roll freedom alone, 
except for the addition of the pitch mode. This mode Is somewhat lower In 
frequency than the body roll mode, and shows the s;ime Invariance with rotor 
speed. The region of aeromochanlcal Inst, bility Is extended to lower rotor 
speeds due to the coupling of the body pitch mode with the lead-lag re- 
gressing mode. The unstable region extends to higher rotor speeds as well 
The agreement between experiment and theory Is quite good, with a slight 
underprediction of the frequency of both body modes. The prediction of the 
body mode frequencies is not as satisfactory at low rotor speeds. As In the 
roll alone configuration, the theoretical model imderprodlcts the experi- 
mental value of the lead-lag regressing mode frequency at high rotor speeds. 
As discussed previously the experimental estimates of body mode frequencies 
1.1 the unstable region are unreliable. 


I i. 


‘i: \ 


I ^ I 



# ■ r 



1 



i 



r 

I 




I ■' 





Thi' damping ot ttu> li'ad-lag ri'Kr«>j)8 Ing nunlo In Hlmllur ta tlu’ 

ol' rail rtlonc. Tho ilaniping rotilntnluH a rolal ivolv ovrn li*vol unH 1 tlu* 
region of InHlrthllUy lo ronchoil luul tlu*n hIiowh an Iju-omploto roi'ovofv to Itn 
former level beyotul the uoHtal>1e renJon. Ah In the roll-alone i.tHi', some ol 
the damping valnoH show a negative nonltiu'ar eharaeter lor the lowt'r I'ot or 
Bpeedn In the nnHlahle region, wlUle positive nonl Inear It les ari' sei'ii at 
higher rotor speeds. The eorrelat Ion \'l tlu' exper lm«*nt a I values aiul i lu' 
theory Is good partleularly at lower rotor spe>‘ds and In the predl»‘tlon i*l 
tho lower stahlllty boundary. As In the roll-alone ease the theoiv \indi>r- 
prodlets the unstable damping within the region ol the InstahtlUv. 

II thrust, S * 8.4". - The model was tested lor mte eondltlon with the 
rotor I’ro^i'tng VnbVtant lal thrust, although over a redueed range ol rotor 
speed. Experimental estimates of the fienuonov and damping are shown In 
figure 17. The mixlal f reqiieno les sh«>w mueh the same oharaoter as tor the 
low-thrust ease with a slight Inorease In i lu> hodv roll mivl*' Irovinenov being 
the only slgslf leant dltlerenee. The o.)r re lat Ion of experlmeni and t heorv 
Is good. 

The lead-lag regressing m^Hle damping Is showii In 1 lg«ire i;tb>. Ihi'se 
data show m.i.lor ehanges I'ver the li'W-tlirust eas»-. Heli'w the unstable r»’glon, 
the roixle .shows a slgnlf leant Inorease In damping level lnst«'ad ol ke* plng a 
eonstant level as In the low-thrnsl ease. The ehang«’ In damplttg at I h** iowt'v 
stability bound Is verv rapid and substantial unstable damping valm's aiv 
obtained In the unstable region. As rotor spe«\l Is Ineroasod. tho damping 
Inoreases at a faster rate than In the low-lhmst r.'udltlon. As In t lu’ et hoi 
nerodvnamlo blade eonf Igni at Ions , negative nonlinear damping oeeurs near tho 
lowor stabll It V bv'undarv, and positive nonlinear damping at I In- upper 
boundary. The eorrelat ion Is qnlti' good, the tlu-orv showing all tho maior 
features ol the data. Tho lower slabllltv Inumdarv and both tho positive and 
uogat Ivo extent ot tho damping art' wi'l I i oi'i t'sont otl . The thot'rv, h«>wovoi . 
nnderest tnuites the amount of d.implng that was measured at tho higher rot or 
speeds, a trend that Is opposite t»> what was seen In tho low-ilnnst easo. 
Compared to the low-thrust ease the eft eel ot plteh angle Is to Inerease both 
the size t'f the un.stahle region and tho am.nint ot unstable damping. Ihls 
agrees with the general trends Ulenlllled In releienee .J. 


CONCIAlSIt.NS 


The lollttwlng eotre Ins Unis are oltt're»l: 

1. Modal tietpienev data of exot'l lent tpialllv won' t'htainod I»m tho 
rot or leavl-lag regressing nunlo, and tho bodv plteh and roll m»>dos. Iti 
the ease ol simulated vaenum tests gotnl nuulal tre>)nemv data were 
obtained lor the rotor 1 lap regressing mode as w»'ll. 

Pamplng data ot good qualllv wei «' ohtatned t 'f the lead- lag 
regressing mode, with the exeepl Ion ol some test rott*i m'eeds where 1 he 
mtxial damping showed sensitivltv to <'xellallot» lev*'l ot uonl itu'ar 1 1 v 
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In dmnplnK with ninpt Itmlo. Hody nunlt' dtiroping data wore poor and ro- 
flri'lod tho nonlinear holmvlor of tlu> Rlmbal hall boar Inna. 

!l. In tho oa»o of almulati'd vaomim tt’atln^ with ri'll froodi'in 
alono» tho data show a woak InatablUtv whoro tho load-la^ and flap 
rogroaalnK modoa aro proxtmato. Thla Instability was prodlotod in 
rt'foroiu'O 2 for rotors in a vaounm. 

4. Moohanloal instablilty of tho olassloal ^tronnd ros^'nanoo typo 
was obtained diirinK simulated v.iouum tost Injt with pltoh and roll 
f roodom . 

3. Aoromoohanlcal Instabilities wor»> onooimtorod durlnK tests 
with conventional airfoil blades both at low and nortmtl thrust levels. 
Thrust tends to destabilize tho rotor-bixly system as shown In reforonco 


n. All data wore correlated with the theoretical model of 
reference Q and In general jtood correlation was obtained. The quality 
of the correl.ntlon was better for simulated vacuum testing than with 
aerodynamics Included, This Implies that the accuracy of the data was 
degraded with aerodynamics Included, or that the theoretical modeling ot 
blade aerodynamics Is not as accurate as the modeling of the structural 
and Inertia terms. 

7. The use of tantalum blades with a circular cross sect Ion proved 
to be an effective means of simulating rotor testing In a vacuum. The 
effective Lock number of these blades was reduced to 0.2t of the blades 
with a conventional airfoil. 

8. The t ransform.it ton of lndlvldu.il blade bending moment signals 
to multi-blade coordinates In the fixed system provided a means of 
directly observing the rotor progressing aiid regressing mi'des. This 
eapablllty contributed to the success of the experiment. 

*>. The use of a snubbing mechanism to lock out bodv motions when 
encountering cvn»plcd rotor-body Instabilities provided a safe means of 
testing well Into the unstable regimes. The Inclusion of automat Ic 
snubbing based on blade lead-lag bending moment was essential to the 
eomplet Ion of the experiment. 

10. The ball bearings used In the glmbal frame to provide pitch and 
roll freedom exhibited nonlinear damping of the Coulomb or dry friction 
type. Klexural pivots to replace these bearings, or a redact I oii In 
bearing sire or number of balls Is required to eliminate the Influence 
of this nonlinear damping. 
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TABl.K J. 

Quant U y 

Rotor radius, R, cm 
HI ado chord, c, cm 
Solidity, c 
Hlu^c offset, o/R 
'.loot cutout , x^.^,/R 


- ROTOR OKOMKIRU- i'KOl’KRTl !• S 


Aerodynamic Made 

Tan t. 'll urn blade 

SI. Id 

dS.Ol 

s.lO 

1 

l..’t> 

0.04 V' d 

O.OMS 

0 . lOS 

0 . J.\, 

0 . 1 8 h I 



villaneous descriptive properties ol the rotor are presented tn table \ 


TAHl.K 

Quant It V 

Blade numher, b 
Ali’toil sect ion 
Lilt curve slope, a 
I’rollle dra>t coefficient 
Lock numlier 


- KOiOK IM'.Si'KlmVK 
Aerodvnamlc blade 
t 

NAOA .MO I,' 
s.r t 
0 . 007 ‘> 

7.1IS 


I'KiM'KKril-S 

Tatttaluin blavic 
\ 

t'lrcular 

0.0 

1 . 1 ' 

O.OIS.' 


IS 
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The profile draft coefficient for the aerodynamic blade was estimated from 
steady blade deflection data (ref. 10). The Lock number includes the effect 
cf the profile drag coefficient ae dlncusaed in the body of the report. The 
blade is untwisted. The height of the rotor plane above the glmbal axes is 
h =■ 24. 1 cm. 


Mass Properties 

The blade mass and inertia properties are given in table 4; included arc 
both the blade and the root flexure hardware outboard of the flap flexure 
centerline. 


TABLE 4. - BLADE MASS AND INERTIA PROPERTIES 


Quantity 

Aerodynamic blade 

Tantalum blade 

Mass, m^, g 

232. 

1 

699. 

Centroid of mass with 
respect to centerline, x^^^/R 

0.315 

0.573 

Flapping and lead-lag 
inertia, I, g-m^ 

16.1 

i 

17.7 

Pitch inertia, I^j, g-m^ 

0.00224 

0.00285 

Rotor polar inertia, J^, g-m^ 

76.5 

12.0 


Blade mass was measured by weighing the blade and root flexure hardware. The 
centroid, flapping and lead-lag inertias, and pitch inertia for the aerody- 
namic blade were calculated from mass and dimensional data for the blade root 
hardware, and by measurements reported for the blade alone in reference 14. 
The blade flapping and lead-lag inertias were the same to within the accuracy 
of the measurements. The centroid of the tantalum blade was measured by 
balancing the blade on a knife edge, while the inertia was estimated from 
pendulum teats. The stub blade pitch Inertia was calculated from its 
dimensional properties. The rotor polar inertia given in table 4 is for 
three blades together. It was calculated including the hub and root hardware 
inboard of the flapping axis (these constitute only 4% and 3% of the total 
polar inertia for the aerodynamic and tantalum blades respectively), but 
excluding the effects of the drive shaft, bellows couplings, and transmission 
gear train. This assumption was checked by measuring both pitch and roll 
body frequencies over a range of rotor speeds with the blade and root hard- 
ware removed; no frequency change due to gyroscopic coupling could be 
determined. 





Stiffness Properties 


The flap and chordwise stiffness of the blade root flexure and blade are 
shown in table 5. The flapping root flexure length Is 1.212 cm, and the 

TABLE 5. - FLAP AND CHORDWISE STIFFNESS (RI) , N-cm^ 


Quantity 

Flap 

Chord 

Root flexure 

8.35 X 1Q2 

1.55 X iq3 

Aerodynamic blade 

6.54 X 10*^ 

1.77 X 10^ 

Tantalum blade 

2.34 X 10^ 

2.34 X 10® 


lead-lag root flexure is 0.699 cm In length. The tabulated aerodynamic blade 
stiffness properties extend from B.S. 20.17 cm to the tip, while for the 
tantalum blade the properties run from B.S. 13.77 to the tip. 


Frequency and Damping 

The frequency and damping of the rotor blades were measured under non- 
rotating conditions. The blade frequencies are presented in table 6. The 
first torsion mode and higher flap and lead-lag modes were obtained from 


TABLE 6. - NONROTATING BLADE FREQUENCIES, Hz 


Blade 

Mode 

Flap 

Lead -lag 

Torsion 

Aerodynamic 

1 

3.10 

6.58 

342. 


2 

32. 

150. 

— 


3 

96. 

357 . 

— 

Tantalum 

1 

3.01 

6.39 

— 


shake tests of a single blade and root flexure. The mean value of the first 
flap and lead-lag mode frequencies were measured with the blades Installed on 
the model, with the exception of the tantalum blade flap mode which could not 
be obtained due to droop-stop restraint. This frequency was cnlculnted as: 
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aero 

The mean damping of the blades was (In percent critical damping) 

^'’c>aero ” % 

<^«;>tant - 


BODY PROPERTIES 


Mass and Inertial Properties 

The mass of the body was measured by weighing the model without the 
gimbal frame or hub components. Portions of the blade root flexure inboard 
of the flapping flexure were weighed separately and included in the body 
weight. The resulting estimate is: m^ ® 19,270 g. 

The body inertias were estimated for one combination of pitch and roll 
spring settings. The blades and root hardware were removed, and the body 
mode natural frequencies determined. The spring rates were computed by 
measuring the model deflection under an applied moment. The inertias were 
then calculated assuming the body behaved as a single degree-of -freedom 
system, and adding the contribution of the blade root hardware inboard of 
the flapping hinge. The estimates of the inertias are: I 0 «■ 511 g-m^; and 

1<|, - 187 g-m2. 

The center of gravity of the body was not measured, but was assumed to 
be coincident with the intersection of the pitch and roll axes. 


Frequency and Damping 

For each test configuration, body mode frequency and damping were 
measured under nonrotating conditions. These frequencies, previously shown 
in table 1, are not uncoupled body frequencies, but rather are coupled or 
partially coupled frequencies. In the case of the tantalum stub blades, 
flapping is restrained by the blade droop stops, but lead-lag motion is un- 
restrained. For the aerodynamic blades, both flap and lead-lag motion couple 
with the body motion. 

The damping of the body 1s strongly affected by the nonlinear damping 
character of the pitch and roll ball bearings. The effects of bearing 
damping were investigated by completely stripping the model of extraneous 
cables, wires, or tubes that might restrain the body, and by observing the 
decay of body oscillations after deflecting the model. The bearings were 
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free of grease or oil for these tests. A local dnmpliiR coefficient wns 
defined baaed on the decay per half cycle as; 

^local * 

in percent of critical damping, where 0^ represents the magnitude of the 
first peak, and Qi+i is the magnitude of the peak a half cycle later. The 
measured values of the local damping coefficient for pitch and roll are shown 
in figure 18. If the damping were linear the local damping coefficient would 
be invariant with amplitude. The dependency of the damping on amplitude 
suggests that the nonlinearity is due to Coulomb friction. If It is assumed 
that the source of the Coulomb friction in the bearings Is due to the balls 
rubbing against the bearing cage then the damping term should be: 

D ■ 2rgHgfg 

where rg is the radius to the bearing race where the camping force is 
applied, ng is the number of balls In the bearing, and fg is the friction 
force. The first two values are known parameters of the bearing configura- 
tion; however, the friction force fg depends on cage restraining force and 
the friction coefficient between the balls and cage and is unknown. As the 
damping term is dependent on only the sign of velocity, the differential 
equation describing a single-degree-of-freedom system is nonlinear. There 
is, however, a closed form solution (ref. 15) which may easily be expressed 
in terms of a local damping 


, •• 200£n 
local 

where K Is the body stiffness. If a value for the friction force fg is 
arbitrarily selected to fit the pitch bearing data, it can be seen in 
figure 18 that the hypothesis offered here provides an excellent representa- 
tion of the measured bearing damping. However, the predicted damping for the 
roll bearing is considerably in error. An examination of the roll bearing 
deaign shows that the cage only restrains alternate balls, the ones in 
between being free to rotate three or four diameters before encountering the 
cage. If It is assumed that only the 23 restrained balls in the bearing 
affect the damping then the agreement with the measurements is much improved. 
To reduce the effect of this nonlinearity it is necessary to reduce the 
bearing radius, the number of balls, or both. Clearly, ha-»ing a lot of balls 
is not advantageous in this case. 

Estimates of a representative body damping were difficult to obtain from 
the data because of the nonlinear bearing damping. Subjective estimates were 
made for the tantalum stub blade configurations; these values are shown in 
figure 19. It appears that the effective body damping increases as body 
stiffness is reduced. This result Is consistent with the expression for 
Coulomb friction damping given above which shows that the local damping 
coefficient increases as stiffness is reduced. 
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APPENDIX B 


INPUT DATA FOR CORRELATION MODEL 


Tlic input dnta unod in thi* theoret Icnl model of reforonee 9 are 
doflcrlbed in table 7. Mont of the valuen In table 7 were calculated directly 


Parameter 


L, cm 
I, g-m^ 
Ug, sec“^ 

GJ/IDo^l 
EAt/lDo^ 
l/L 
e/ 1 

1«/1 


g/fio'L 

pcL‘*(a+Cdo^^^ 


TABLE 7. - CORRELATION MODEL INPUT DATA 

Aerodynamic blade 

72.01 

15.63 


104.7 


.03592 

.1594 

.6038 

395.2 

.01683 

6.525 

7.688 

.001434 

.2282 


.007241 

5.061 

.04933 

.0079 


Tantalum blade 

28.88 

16.60 


104.7 


.03481 

.1567 


371.9 


.04195 

6.525 

3.509 

.001718 


.003094 

.006496 

.03179 


m^L^/I 

14 ,/! 

lo/i 

h/L 

k^L-Zin^ 

«x/L 

«y/L 


639.1 

11.93 

32.65 

.3351 

1 . 

(a) 

(a) 

.0035 


11.23 

30.73 


.8355 


.00185 


’selected to match body frequency. 
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from the model data of appendix A. The blade nondlmcnHionnl flap and J end-lap, 
atlffneas were computed from the nonrotating, uncoupled blade frequency data 
rather than from the atructural proporttea of the root flexuren. The non- 
dlmanalonnl vertical aprlng apaclnga were aolocted to match the menaured body 
frequenclen. For the tantalum blade configurations the apaclngs were 
computed assuming that the blade was drooped 2 " and restrained from moving. 

The same spaclngs were uaed for aerodynamic blade configurations, ns the 
actual spring settings wore kept the same between the two configurations. 

Body pitch and roll damping were set to 27 , critical, rather than trying to 
match the nonlinear values. 
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Figure 2.- 1.62-m diameter rotor model In hover test area. 
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Figure 3.- Exploded 







Figure 5.~ Model blade construction. 
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Figure 8.- Uncoupled rotor progressing and regreasing mode frequencies in 
fixed system (rotating blade frequencies shown for clarity). 
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(a) Modal frequency. 


(b) Lead-lag regressing mode damping (shaded area shows effect of doubling and 

halving nominal body damping). 


Figure 9.- Tantalum stub blades with roll freedom; 0.75 Hz. 
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Figure 13.- Tantalum stub blades with roll freedom, Including progressing 
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(b) Lead-lag mode damping. 
Figure 13.- Concluded. 
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Figure 19.- Nonrotating body damping 


for tantalum stub blade configurations. 
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